phosphorylation (OXPHOS), while mitochondrial respiration generate a certain amount of reactive oxygen species (ROS) as byproducts. term culture for several passages, accompanied with the impaired mitochondrial function and differentiation ability. In addition, the upregulated ROS can cause lipid peroxidation, oxidative modification of proteins, DNA damage and cellular senescence. 5, 6 However, physiologically up-regulated ROS production is essential for stem cell activities. In an undifferentiated state, MSCs have low levels of intracellular ROS and high levels of antioxidative enzymes 7 ; while differentiated MSCs show the opposite properties. 8 On the other hand, physiologically up-regulated ROS are required for MSC proliferation, while inhibition of ROS blocks MSC self-renewal 9 ( Figure 1 ).
Commonly, ROS can be generated by mitochondria, 10 endoplasmic reticulum (ER), 11 cytosol, 12 peroxisomes, 13 plasma membrane, 14 and extracellular space. 15 Aerobic microenvironment brings out reduction of molecular oxygen, and then Ero1p will consequently yield stoichiometric H 2 O 2 . 11 All-trans arachidonic acid is able to improve the generation of ROS via xanthine dehydrogenase/xanthine oxidase interconversion in the in vitro liver cytosol. 12 After peroxisomes are supplemented with uric acid, H 2 O 2 will be generated at a rate which corresponds to 42%-61% of the rate of uric acid oxidation. 13 Fibroblast contains an ectoplasmic enzyme, distinct from NADPH oxidase, which can generate a major source of ROS after tissue damage. 14 NADPH oxidase maintains endothelial cell xanthine oxidase activity for upregulating ROS generation in response to oscillatory shear stress. 15 Although ROS are generated by various organelles, the mitochondrion is the main organelle of ATP and ROS generation. 16 Respiratory chain electrons escape the mitochondrion, leading to superoxide ion and H 2 O 2 generation due to superoxide dismutation via SOD catalysis in MSCs. [17] [18] [19] [20] Overproduction of ROS enhances autophagy and apoptosis in MSCs through activation of c-Jun NH(2)-terminal kinase (JNK) signalling. 21 In this process, colocalization of ataxia telangiectasia mutated (ATM), histone H2A.X, and MSCs play critical roles on immunomodulatory properties for therapy in various diseases, the constant isolation from donors also bring out unrecoverable injury.
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F I G U R E 1 Physiologically up-regulated ROS production is essential for MSC proliferation and differentiation
In the current review, we mainly discuss the known ROS generation mechanisms and the regulatory routes for controlling MSC fates. 41 In contrast, hypoxic conditions may also protect MSCs from injury, promoting proliferation, differentiation, and survival in a ROS-mediated manner. A paradoxical discovery was that compared with normoxia, MSCs cultured under hypoxia showed a smaller size and greater cellular complexity, lower proliferation and mitochondrial activity, and reduced autophagy. 42 It also moderately increases ROS production and promotes the proliferative capacity and differentiation potency of MSCs via phosphorylation of the AKT and mTOR pathways. 43, 44 Intriguingly, long-term hypoxic conditions upregulated the expression of HIF-1α, and the hypoxia MSCs showed greater cell viability, decreased ROS levels and increased resistance to oxidative stress for alleviating both early radiation-induced pneumonia and late pulmonary fibrosis when compared to normoxia MSCs. 45 In addition, a low dose of hypoxic MSCs but not a high dose of hypoxic MSCs can effectively attenuate ischemia/reperfusion (I/R) induced permeability pulmonary oedema by decreasing ROS related inflammatory responses and anti-apoptosis effect. 46 On the other hand, Karlsen et al 47 showed that hyperoxia of room air was not adverse for the proliferation, mediated pathway in a dose-dependent manner. 49 In fact, addition of AGEs significantly enhances the levels of osteogenic markers while inhibiting the maturation of osteogenic MSCs; moreover, AGEs inhibit MSC adipogenic and chondrogenic differentiation. 
| ROS GENERATION AND TH E IN VITRO DIFFE RENTIATION FATE OF MSCS
In general, undifferentiated MSCs have fewer mitochondria than differentiated MSCs, though the mitochondrial copy number, OXPHOS supercomplex, SOD expression, mitochondrial biogenesis and ROS levels are all significantly increased after specific differentiation. 51, 52 ROS imbalance will lead to a significantly reduced MSC differentiation capacity, 53 60, 61 As a type of antioxidant, β-mercaptoethanol (β-ME) is able to gradually increase the expression levels of neural stem cell-specific proteins via down-regulation of Notch1 expression and ROS production. 62 However, Esmaeli et al 63 demonstrated that although umbilical cord derived MSCs decreased the levels of polyunsaturated fatty acids and gradually enhanced the levels of saturated fatty acids after hepatogenic differentiation, these effects were independent of ROS production and lipid peroxidation at the end stage of hepatic differentiation. Therefore, the relationship between ROS generation and MSC differentiation fate should be elucidated before any conclusions regarding how to direct ROS towards controlling the direction of differentiation can be drawn. 
| ANTIOXID ATIVE CAPACITIES OF SENE SCENT AND APOPTOTIC MSCS

| STRATE GIES TO CONTROL ROS LEVE LS FOR MSC FATES IN VITRO AND IN VIVO
| Growth factors or extracellular matrix components for ROS regulation in MSCs
| Pharmaceuticals for ROS regulation in MSCs
To augment regimens for regulating ROS production in MSC-based regenerative medicine, an increasing number of pharmaceuticals have been tested for particular and strong effects. As a strong antioxidant, NAC preserves MSC activities, including high selfrenewal, multipotency, a low apoptosis rate and strong cell adhesion capacity, by preventing activation of Wnt/β-catenin signalling and excessive cellular ROS production. 60, [89] [90] [91] Buthionine sulfoxide significantly increases albumin and ROS levels in hepatogenic MSCs, whereas NAC inhibits these related metabolic functions. 92 However, NAC has also been demonstrated to inhibit adipocyte differentiation 59 and to maintain the osteogenic differentiation capacity of MSCs by decreasing ROS levels. 54 Moreover, a combination of NAC 
| Extracts from natural products for ROS regulation in MSCs
In addition to drugs used in the clinic, a large number of extracts from natural products, including herbs, nutritional factors, and hormones, have important functions in regulating ROS generation in
MSCs. Capsaicin (8-methyl-N-vanillyl-trans-6-nonenamide) extracted from red pepper induces cell cycle arrest and inhibits early adipogenic differentiation by increasing ROS and reactive nitrogen species (RNS) production in a dose-and time-dependent manner. 106 Gastrodin, the main active component in Gastrodia elata, significantly enhances the proliferative and osteogenic differentiation capacities of MSCs while inhibiting their adipogenic differentiation capacity via suppression of ROS generation. 107 Apocynin, a phenolic compound, partially reverses the ageing process and enhances the potential for osteogenesis in ageing MSCs by suppressing NOX. 108 Both lycopene and Cirsium setidens pretreatments suppressed H 2 O 2 -induced ROS generation and increased survival of MSCs by attenuating the phosphorylated p38-MAPK, JNK, ATM and p53 signalling pathways. 109, 110 Berberine, a natural isoquinoline quaternary alkaloid extracted from the Chinese herb Huanglian, significantly prevents H 2 O 2 -induced apoptotic progression by reducing ROS production and levels of apoptosis-related proteins, while increasing SOD activity and p-AKT and Bcl-2 levels. 111 Astragalus polysaccharide, which is isolated from Astragalus membranaceus, is able to counter the reductions in proliferation and pluripotency and to prevent the increased apoptosis and senescence in MSCs induced by ferric ammonium citrate (FAC).
112
In addition to the extracts isolated from plants described above, Rb expression, consequently accelerating ageing and osteogenic differentiation defects. 124 Similarly, MSCs isolated from Tks4 knock-out mouse have reduced osteogenic and adipogenic differentiation capacities compared with those isolated from wild-type mice. 125 Although knockdown of NOX4 suppressed ROS production and adipogenic differentiation in MSCs, 126 Kim et al 43 
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